There is now convincing evidence that the Pig-a gene is mutated in patients with paroxysmal nocturnal hemoglobinuria (PNH), a disease in which one or more clones of hematopoietic cells have incomplete assembly of glycosylphosphatidylinositol (GPI) anchors and absence of GPI-linked protein expression on the cell surface. Little is known, however, about the Pig-a protein product that is necessary for GPI anchor bioassembly. Relatively few substitution (missense) Pig-a gene mutations have been identified, but we noted two apparent clusters at codons 128-129 and 151-156 and hypothesized that these might represent critical regions of the Pig-a protein. We therefore used site-directed mutagenesis to create conservative mutations in the Pig-a protein, then performed structural and functional analysis. Each Pig-a mutation generated a Pig-a protein of normal size and stability, but certain mutations had substantial deleterious effects on protein function. Conservative mutation of codons histidine 128 (H128), serine 129 (S129), and serine 155 (S155) had greatly diminished function, while mutations of flanking residues had no effect on function. Our results represent the first structure/function analysis of the Pig-a protein, and suggest that codons H128, S129, and S155 represent critical regions of the Pig-a protein. Our results also suggest a means by which transgenic mice with a "partial knock-out" of Pig-a function could be generated, which would allow investigation of PNH in an animal model.
INTRODUCTION complementation defect in GPI anchor
Paroxysmal nocturnal hemoglobinuria (PNH) library, Miyata et al. cloned the Pig-a cDNA that is an acquired hematologic disorder characterized repairs the Class A defect (11) . Since then, by a variety of clinical manifestations, including mutations in the Pig-a gene have been identified erythrocyte hemolysis, venous thrombosis, and in all patients with PNH reported to date (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . defective hematopoiesis (1, 2) . The biochemical
The Pig-a gene has been mapped to the short arm defect in PNH results in the incomplete assembly of the X chromosome at the Xp22.1 region, in of glycosylphosphatidylinosital (GPI) anchors (3- contrast to the autosomal location of other genes 5), which are used to anchor certain proteins to involved in GPI anchor bioassembly (12, 24) . the cell surface (6) . As a result of this defect, Since males have only one X-chromosome and cells derived from the PNH clone are missing all females have only one active X-chromosome per GPI-linked surface proteins from the surface cell, a single acquired Pig-a gene mutation can membrane (7) (8) (9) .
lead to PNH (24) . Complementation studies have demonstrated A total of 84 Pig-a gene mutations in 72 that the abnormal PNH cells have the Class A patients with PNH have been reported to date (2) .
bioassembly (3, 10) . Using a cDNA expression
The majority of Pig-a mutations are small (1-2 deficient EBV-transformed lymphoblastoid cell nucleotide) insertion or deletion mutations, which line, and its wildtype counterpart JY25, were the lead to a frameshift of the triplet reading frame kind gifts of Dr. Timothy Springer. Both cell and result in a premature termination codon.
lines were grown in RPMI 1640 media (Gibco Such mutations would presumably lead to a Life Technologies, Grand Island NY) with 10% truncated Pig-a protein product that either would heat inactivated fetal calf serum (Gibco). fold improperly and be degraded intracellularly, or would have minimal residual function. These
Wildtype and Mutant Pig-a cDNA Constructs frameshift mutations occur throughout the Pig-a coding region, with no apparent "hot spot" for A full-length Pig-a cDNA was created by mutations. Less commonly, Pig-a mutations in PCR amplification of the wildtype coding PNH patients are point mutations, with one sequence as previously described (13) . Briefly, 3 nucleotide changed to another. Several of these overlapping segments of the Pig-a coding lead to immediate termination or to altered sequence were amplified using PCR primers splicing, while others are missense mutations, derived from the published cDNA sequence (11), characterized by a nucleotide change that leads to and each was cloned into the KS+ Bluescript a single amino acid substitution.
plasmid (Stratagene, La Jolla, CA). These A total of 18 missense (substitution) Pig-a overlapping amplicons were then cut with mutations have been reported, located at only 14 appropriate DNA restriction enzymes and ligated different amino acid residues (2) . In contrast to into Bluescript to create a full-length Pig-a the frameshift mutations, these substitution Pig-a construct. Double-stranded DNA sequencing mutations include two apparent clusters, with 6 using Sequenase II (United States Biochemical, substitution mutations located at codons 128-129
Cleveland, OH) confirmed the accuracy of the and 151-156. These codons are within regions Pig-a coding sequence, beginning with the initial that are highly conserved in murine (25) and yeast ATG at position 86 through the TAG stop (26) Pig-a homologs. Because Pig-a mutations sequence at nucleotide 1540. Individual patient at these codons have been identified in patients mutations (13) were cloned by exchanging with PNH, we reasoned that these codons cassettes of the Pig-a coding region using represented critical regions of the Pig-a protein.
restriction enzyme digestion of the wildtype PigWe therefore used site-directed mutagenesis to a construct. create specific conservative Pig-a mutations at these locations, then performed structural and Site-Directed Mutagenesis functional analysis of the resultant mutant Pig-a proteins.
Our results demonstrate that To investigate the effects of subtle amino acid conservative mutations at codons histidine 128 substitutions on the structure and function of the (H128), serine 129 (S129), and serine 155 (S155) Pig-a protein, "safe" residue substitutions were led to reduced function of the mutant Pig-a introduced. These conservative amino acid protein. These results represent the first changes are designed to have minimal effects on structure/function analysis of the Pig-a protein the size, hydrophobicity, and polarity (27) . and identify critical regions of the Pig-a protein.
Mutations within the wildtype Pig-a coding MATERIALS AND METHODS strategy as described (28). Briefly, the nucleotide
Cell Lines was identified. Oligonucleotide primers ranging JY5, a complementation class A GPI anchorinclude appropriate 1-2 base pair mutations sequence were created using a PCR-based sequence which contained each targeted codon from 27-31 nucleotides were then designed to within the sequence, which corresponded to the final concentration for 4 hours at 37C, after desired amino acid residue. For each "mutant" which time a post-induction sample was obtained. sequence, oligonucleotide PCR primers in both Protein samples were denatured and resolved by the 5' and 3' directions were synthesized. Two SDS-PAGE using a 10% gel, then silver stained PCR reactions were then performed, each using for protein detection. a flanking primer and the appropriate "mutant" primer, followed by a third using only the Eukaryotic Expression Vector flanking primers on either side of the desired mutation. The resulting amplicon thus contained
To test the function of the protein translation the specific nucleotide changes within the products of the Pig-a cDNA site-directed sequence.
Each amplicon was cut with mutations, each mutant was cloned into the appropriate restriction enzymes, subcloned into mammalian (eukaryotic) expression vector Bluescript, reassembled with wildtype overlapppCEP4 (Invitrogen, San Diego CA). This vector ing segments, then sequenced to verify the contains an EBV origin of replication which accuracy of the mutation.
allows it to replicate episomally within human
Prokaryotic Expression Vector cut from Bluescript using XhoI and BamHI
To test the size and stability of the protein sequence using low-melt agarose and purified. translation products of the Pig-a cDNA siteEach Pig-a sequence was ligated into the pCEP4 directed mutations, each mutant was cloned into vector as described above and transformed into the prokaryotic expression vector pGEX-4T-1 TG-1 bacteria. Using PCR screening, individual (Pharmacia, Piscataway, NJ). In this vector, the colonies which contained inserts of the correct cloning site is located 3' to the glutathione-Ssize were identified as positive clones. Each transferase (GST) gene sequence, thereby creating mutant was then grown overnight, and the an in-frame GST-Pig-a fusion protein that is plasmid was purified using the Wizard under control of an inducible promoter. The purification cartridges. wildtype and mutant sequences were cut from For transfection of the mutant Pig-a Bluescript using XhoI and NotI (Gibco/BRL, sequences, 8 µg of each plasmid was Gaithersburg MD), separated from plasmid electroporated into log phase JY5 cells (10 cells sequence using low-melt agarose (IBI, New in 0.8 ml RPMI with 10% FCS) at 250V and Haven CT), and purified with Wizard DNA 960µF using a Gene Pulser (Bio-Rad, Hercules, purification cartridges (Promega, Madison WI). CA). Cells were then selected with hygromycin After the pGEX-4T-1 vector was cut with the (250 µg/ml final concentration, Calbiochem, San same restriction enzymes, each Pig-a sequence Diego, CA), based on the results of a "kill curve" was ligated using T4 ligase, ATP, and 10X ligase using varying doses of antibiotic. Cells were buffer (Gibco/BRL). Ligated products were grown in hygromycin for 4-5 weeks to select for transformed into BL-21 bacteria, and colonies long-term stable transfectants. After this were screened by PCR. Individual colonies selection, cells were stained for surface which contained inserts of the correct size were expression of the GPI-linked CD59 protein using identified as positive clones.
a two-step immunophenotype assay as described For induction of the GST-Pig-a fusion (29), and analyzed by flow cytometry using a proteins, bacteria were grown to log phase and an FACSCAN and LYSIS II software (Becton aliquot was removed as a pre-induction sample.
Dickinson, San Jose CA). In all cases, scatter Isopropyl B-D-thiogalactopyranoside (IPTG, gate properties of the cells identified "live cells" Sigma, St.Louis MO) was then added at 0.1 mM that had survived antibiotic selection, indicating cells. The wildtype and mutant sequences were (Gibco/BRL), separated from plasmid vector successful transfection of the pCEP4 plasmid. asparagine (S155N), and aspartic acid (S155D); Individual transfections were analyzed according and leucine 156 was changed to isoleucine to the mean fluorescent channel (MFC) of (L156I). positive cells, and given a score of 1 to 4, with wildtype transfectant receiving a score of 4+. In
Size and Stability of GST-Pig-a Fusion Products some cases, transfectants were cloned as previously described (30).
The mutant Pig-a constructs, each with a 
RESULTS

Site-Directed Pig-a Mutagenesis
The experimental site-directed Pig-a mutations are listed in Table 1 . The first cluster of substitution mutations at codons 128-129 included the following mutations: histidine residue 128 was changed to arginine (H128R), serine (H128S), asparagine (H128N), or phenylalaine (H128F); serine 129 was changed to threonine (S128T) or asparagine (S129N). Flanking amino acid residues serine 127 and serine 130 also were changed to threonine (S127T, S130T, respectively). The second cluster of substitution mutations located at codons 151-156 included the following mutations: phenylalanine 151 was changed to tyrosine (F151Y); serine 155 was changed to phenylalanine (S155F), threonine (S155T), single amino acid change, were sub-cloned into the GST fusion vector, in order to assess the size and stability of the fusion products. We reasoned that each mutant construct would have wildtype apparent molecular weight, unless a mutation caused grossly improper folding and/or intracelluar stability. After induction with IPTG, bacterial lysates were separated by PAGE-SDS ( Figure 1A ). The wildtype GST-Pig-a fusion product migrated as a single band of approximately 75 kDa apparent molecular weight (lane 3). Each of the mutant Pig-a constructs also had an apparent molecular weight equivalent to the wildtype Pig-a construct (lanes 4-8) . In addition, the quantity of the induced fusion protein was roughly equivalent in each case, suggesting that the site-directed mutations did not interfere markedly with protein folding or intracellular stability. In contrast, Figure 1B illustrates GST-Pig-a fusion products derived from specific patient mutations. When Pig-a frameshift mutations with early premature stop codons were introduced (lanes 5, 6 and 9), no stable fusion protein product was visualized.
Function of Site-Directed Pig-a Mutant Constructs
To test the function of the site-directed mutations, each mutant Pig-a construct was transfected into the JY cell line. After selection in hygromycin, transfected cells were tested for surface CD59 expression. Examples of the sitedirected Pig-a mutations in the codon 128-129 cluster are illustrated in Figure 2A . The wildtype Pig-a construct induced bright CD59 surface expression. In contrast, conservative mutations of H128 or S129 led to greatly reduced surface CD59 expression. However, mutations of flanking S127 (not shown) and S130 (Figure 2A ) not uniform expression of CD59. For example, had no apparent effect on function and resulted in Figure 2 illustrates that some cells were not wildtype CD59 expression.
expressing CD59 despite apparently successful Conservative mutations within the codon transfection.
We therefore cloned several 151-156 cluster demonstrated similar specificity.
transfectants at limiting dilution in hygromycin, Mutations of S155 led to reduced expression of and established individual long-term clones that the CD59 surface protein as compared to were again immunophenotyped. Figure 3 shows wildtype Pig-a function ( Figure 2B ). However, that even after cloning, there was not uniform conservative amino acid changes F151Y and surface CD59 expression on all cells. Expression L156I resulted in bright CD59 expression (not was stable, however, without gain or loss of shown). Table 2 summarizes the structural and surface CD59 staining over time. Moreover, the functional analysis of each of the site-directed level of CD59 expression on positive cells was Pig-a mutations.
consistent among 3-5 transfections with each Although each transfectant was selected in specific Pig-a mutation, thereby providing hygromycin for 4-5 weeks before evidence that the CD59 expression reflected the immunophenotypic analysis to ensure a stable activity of each mutation rather than the plasmid long-term transfection, we noted that there was copy number. Figure 1A . PAGE-SDS analysis of mutant GST-Pig-a fusion constructs. Mutant Pig-a constructs were created by direct cloning of patient mutations or site-directed mutagenesis as described in Methods, and cloned into a prokaryotic GST fusion expression vector. After IPTG induction, bacterial lysates were electrophoresed in a 10% SDS-PAGE gel and silver stained. Figure 1A illustrates results of site-direct mutagenesis. Lane 1 shows a pre-induction lysate of the vector with GST alone, while Lane 2 shows the post-induction state with a large band at molecular weight 25kD. Lanes 3-8 represent post-induction lysates from GST-Pig-a fusion constructs as follows: Lane 3 = wildtype Pig-a, Lane 4 = serine 155 to asparagine (S155N), Lane 5 = serine 155 to aspartic acid (S155D), Lane 6 = serine 155 to threonine (S155T), Lane 7 = leucine 156 to isoleucine (L156I), and Lane 8 = serine 127 to threonine (S127T). In each case, the GST-Pig-a fusion construct demonstrated a band at approximately 75 kD (arrow), the same size as the wildtype Pig-a fusion product. In addition, each induced lysate had a 75kD band of similar intensity, suggesting that the mutations had no detrimental effect on protein folding or intracellular stability. Figure 1B illustrates experiments using specific patient Pig-a mutations that we previously identified (13, 34) . Lane 1 shows a pre-induction lysate of the vector with GST alone, while Lane 2 shows the post-induction state with a GST product at molecular weight 25kD. Lanes 3-9 represent post-induction lysates from GST-Pig-a fusion constructs as follows: Lane 3 = a truncated Pig-a construct with a fusion product at approximately 60kD, Lane 4 = UPN 166 with a termination codon at position 1438 and a near wildtype size fusion product, Lane 5 = UPN 115 with a substitution mutation at position 974 leading to N297D mutation and a wildtype fusion product, Lane 6 = UPN 166 with an insertion at nucleotide 334 and no wildtype product at 75kD, Lane 7 = UPN 261 with a deletion at nucleotide 516 and no apparent fusion product, Lane 8 = wildtype Pig-a with an expected 75kD product, and Lane 9 = a deletion at position 649 and no apparent fusion product. Figure 2A . Vector alone led to absent CD59 expression while wildtype Pig-a resulted in bright CD59 expression. Mutation of histidine 128 to serine (H128S) or asparagine (H128N) resulted in significantly decreased CD59 expression, as did mutation of serine 129 to threonine (S129T). In contrast, mutation of flanking residue serine 130 to threonine (S130T) had no measurable effect with surface CD59 expression similar to the wildtype Pig-a construct. Examples of site-directed mutations at the codon 151-156 cluster are illustrated in Figure 2B . Vector alone led to absent CD59 expression while wildtype Pig-a resulted in bright CD59 expression. Conservative mutations of serine 155 to threonine (S155T) or asparagine (S155N) resulted in diminished surface CD59 expression. Transfected cells did not have uniform expression of CD59, with some cells not expressing CD59. In each case, however, the level of CD59 expression in positive cells was consistent among 3-5 independent transfections for each specific Pig-a mutation. Missense Pig-a mutations that change a hypothesized that these regions might contain single amino acid within the Pig-a coding region critical residues with the Pig-a protein. These have been described in only 21% of PNH patients two regions are highly conserved among human reported to date, and are located in only 14 Pig-a and the murine and yeast homologs, but different amino acid residues (2). This relative they do not share homology with putative paucity of substitution Pig-a gene mutations is in bacterial glycosyltransferases (25). contrast to that found in other hematologic
We performed site-directed mutagenesis disorders including -thalassemia, glucose-6-using conservative or so-called "safe" amino acid phosphate dehydrogenase deficiency, and substitutions, in order to minimize the effects on hemophilia A (21). Perhaps only Pig-a gene protein folding and maximize the effect on mutations that result in significant loss of Pig-a residue function (27) . For example, both serine protein function become clinically apparent. In and threonine residues are neutral with a small this case, frameshift mutations would polar side chain, and within a protein core these predominate while missense Pig-a gene residues are generally interchangeable (27) . mutations would be detected only if the amino However, changing serine into threonine adds a acid residue were critical for proper protein methyl group in the side chain, which could folding, stability, or function. We noted two interfere with electrostatic interactions and even Pig-a proteins. It is noteworthy, however, that residues were changed into more than one flanking serine residues at 127 and 130 also were conservative substitution mutation (Table 1) , and changed into threonine but with no apparent in some cases the actual patient Pig-a gene deleterious effects on Pig-a function (Figure 2A substitution mutations also were created. With and Table 2 ). The normal function of mutants each of the introduced Pig-a mutations, the size S127T and S130T strengthens our hypothesis that and quantity of the induced fusion protein was codons H128 and S129 are critical residues similar to wild type Pig-a protein. We also demonstrated that S155 is a critical reduced activity might result in normal amino acid residue within the Pig-a protein. expression of CD59.
Mutation of serine 155 to phenylalanine (S155F) The mutation of histidine 128 to arginine has been reported in a patient with PNH (14); (H128R) has been reported in two unrelated however, this substitution is not conservative as patients with PNH (18) . Both residues are basic it changes a small polar side group into a large amino acids, but histidine has an imidazole ring hydrophobic one. We created this patient structure that can be charged or neutral at mutation (S155F) as well as more conservative physiologic pH, making it particularly suitable for changes of serine 155 into threonine (S155T) or catalysing chemical reactions (31). We created asparagine (S155N). Each of these mutants four missense mutations at histidine 128; each resulted in normal Pig-a size and stability, but had no apparent effect on Pig-a protein size or only moderate (2+) CD59 surface expression. stability, but each had deleterious effects on Pig-a Perhaps S155, like H128 and S129, participates protein function (Figure 2A) . Mutation of Pig-a in the Pig-a protein active site. residue 128 either to arginine (H128R) or Mutation of leucine 156 to arginine (L156R) asparagine (H128N) led to low (2+) expression of was reported in a patient with PNH (14) . This surface CD59 on transfected JY cells, while substitution is not conservative, as it changes a changes to serine (H128S) or phenylalanine neutral hydrophobic residue into a basic residue (H128F) resulted in dim (1+) CD59 surface and increases the size of the side chain. Our expression ( Table 2 ). These findings demonstrate highly conservative change of leucine into that 128 histidine is a critical residue within the isoleucine (L156I) had no effect on Pig-a size and Pig-a protein.
stability, and no effect on Pig-a function. We Similarly, conservative mutations of serine therefore conclude that leucine 156 does not 129 to threonine (S129T) or asparagine (S129N) likely have a specific catalytic role within the Pighad no apparent effects on Pig-a size or stability, a protein; patient mutation L156R may affect Pigbut resulted in substantially reduced Pig-a protein a function by interfering with proper protein function. Mutants S129T and S129N had only 1+
folding. Similarly, our results also suggest that and 2+ CD59 surface expression, respectively phenylalanine 151 is probably not a critical (Table 2) . Indeed, each conservative mutation at residue within the Pig-a protein. A threecodons H128 or S129 resulted in markedly nucleotide deletion that results in an in-frame reduced levels of CD59 surface expression, deletion of phenylalanine 151 has been reported (20) . However, our highly conservative mutation of phenylalanine 151 to tyrosine (F151Y), which maintains the large planar side chain, had no effect on Pig-a function. The patient mutation likely changes proper Pig-a folding due to the deletion of the large hydrophobic side chain found at the phenylalanine 151 residue. Finally, our identification of conservative amino acid mutations that diminish but do not completely abrogate Pig-a protein function could be useful in the investigation of the pathogenesis of PNH. Kawagoe et al. recently reported that Pig-a knock-out mice were embryonically lethal, and analysis of the clonal dominance of GPIdeficient cells was possible only in mice with low chimerism (32). The authors postulated that cell type-specific gene disruption could help determine the importance of GPI-anchored proteins in hematopoietic cells (33) . We propose an alternative strategy, by creating a Pig-a transgene with reduced Pig-a protein function, i.e., a partial rather than a complete knock-out. A construct with a substitution Pig-a mutation at critical residues H128 or S129 would generate transgenic mice with low but not absent Pig-a protein function, which might allow normal mouse embryonic development and subsequent analysis of the partially GPI-deficient hematopoietic cells.
In summary, our experimental strategy using safe and conservative amino acid substitutions provides the first analysis of Pig-a protein structure and function. Our results suggest that histidine 128, serine 129, and serine 155 represent critical regions of the Pig-a protein that are involved in the initial step of GPI anchor biosynthesis. Further studies will be designed to examine other regions of the Pig-a protein, especially those which include naturally occurring mutations in patients with PNH.
